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Abstract The objective of this study was to develop a
phenotyping platform for the non-destructive, digital
measurement of early root growth of axile and lateral
roots and to evaluate its suitability for identifying maize
(Zea mays L.) genotypes with contrasting root devel-
opment. The system was designed to capture images of
the root system within minutes and to batch process
them automatically. For system establishment, roots of
the inbred line Ac7729/TZSRW were grown until nine
days after germination on the surface of a blotting
paper in pouches. An A4 scanner was used for image
acquisition followed by digital image analysis. Image
processing was optimized to enhance the separation
between the roots and the background and to remove
image noise. Based on the root length in diameter-class
distribution (RLDD), small-diameter lateral roots and
large-diameter axile roots were separated. Root sys-
tems were scanned daily to model the growth
dynamics of these root types. While the axile roots
exhibited an almost linear growth, total lateral root
length increased exponentially. Given the determined
exponential growth, it was demonstrated that two
plants, germinated one day apart but with the same
growth rates differed in root length by 100%. From the
growth rates we were able to identify contrasting
genotypes from 236 recombinant inbred lines (RILs) of
the CML444 x SC-Malawi cross. Differences in the
growth of lateral roots of two selected RILs were due
to differences in the final length and linear density of
the primary lateral roots, as proven by the manual
reanalysis of the digital images. The high throughput
makes the phenotyping platform attractive for routine
genetic studies and other screening purposes.
Keywords Digital image analysis . Corn . Early vigor .
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Abbreviations
CMYK cyan, magenta, yellow and key (black)
DAG days after germination
ERAx elongation rate of axile roots
HSV hue, saturation, value
kLat relative elongation rate of lateral roots
QTLs quantitative trait loci
RGB red, green, blue
RIL recombinant inbred line
RLDD ziameter-class distribution
Introduction
In the past, considerable efforts were made to develop a
suitable method for the study of roots leading to a
number of different methods. These methods differ
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mainly in the resolution in time and space as well as in
throughput. Insight into root systems of different species
was obtained already at the beginning of the 20th
century by excavating whole root systems (Weaver
1925). Other approaches focus either on roots growing
in large root chambers and monitored at the surface of
acrylic glass in soil-filled root observation chambers
(Manschadi et al. 2006; Manschadi et al. 2008), on X-
ray imaging (Doussan et al. 2006; Gregory et al. 2003),
or on destructive sampling from soil columns (Hund et
al. 2008b). Despite the advantage that the root growth
of crops can be evaluated until maturity, the throughput
of these systems is usually not high enough for the
assessment of large sets of genotypes as needed for
mapping studies of quantitative trait loci (QTLs). At
the other extreme, some systems focus on the early
growth of the primary axile root a few days after
germination. These high-throughput systems are usu-
ally designed to assess the stress response of the root
system and to allow for a high resolution in time, e.g.
by time laps analysis of the growth of the root apical
meristem (Walter et al. 2002). While root measure-
ments at the later developmental stages of a crop lack
throughput, systems that measure the growing tip of
the primary axile root neglect the development of
lateral roots which, are an important part of root
system. Roumet et al (2008) pointed out that whole
root system traits did not allow strong predictions of
root respiration and exudation among three major plant
families (Asteraceae, Fabaceae and Poaceae). The
authors attributed the lack of prediction to the fact that
these processes are more linked to fine roots than to
whole root system traits. There are numerous examples
of differences in the development of lateral roots among
genotypes. Lateral roots play an important role in the
plant’s ability to access water (Varney and Canny 1993)
and nutrients such as phosphorus (Lambers et al.
2006). In maize, they may also be important for
vigorous growth at low temperature (Hund et al.
2008a; Hund et al. 2007). By contrast, genetic
variation in the growth rates of axile roots in maize
may be exploited for a better acquisition of water from
deep soil layers (Hund et al. 2008b) or a better N
efficiency (Liu et al. 2008).
We designed a system for the rapid measure-
ment of the root system during the first days of
lateral root growth in growth pouches. Growth
pouches are inexpensive and space-saving, facili-
tating the two-dimensional observation of root
growth over time on the surface of a blotting
paper. The system enables the investigation of root
elongation of maize for about the first 10 days
after germination (DAG). To date, growth pouches
have been used for different plant species and
different purposes. Janssen et al. (1995) screened
potato for resistance to root-knot nematodes,
McMichael and Burke (1998) studied the effect of
temperature on the root growth of cotton, Bonser et
al. (1996) examined the effect of phosphorous
availability on the orientation of basal roots of
Phaseolus vulgaris, while Liao et al. (2004) mapped
QTLs for the same trait. Liao et al. (2001) observed
that gravitropic responses to phosphorous availabil-
ity after six days in growth pouches was consistent
with growth patterns after 4 weeks in solid media.
They also observed that the morphology of basal
roots of bean showed a high correlation between
plants grown in pouches and in soil. The root
parameters measured in growth pouches were highly
correlated with those measured in pots of sand and
soil (Bonser et al. 1996) and were consistent with
several traits found in field trials (Liao et al. 2001;
Liao et al. 2004). This supports the utility of growth
pouches for screening of genotypes. So far the
system has not been optimized to study the growth
dynamics of roots in combination with digital image
analysis. The specific aims were i) to develop a
simple, high throughput system to assess the growth
dynamics of axile and lateral roots of maize using
digital imaging, ii) develop a protocol for an
automated analysis of these images and iii) test the
ability to identify genotypes with contrasting root
morphology.
Material and methods
The maize inbred line Ac7729/TZSRW (P2) was used
throughout the system establishment. For the manual
measurement of different root types in the image
processing software Photoshop (Photoshop 7.0, Ado-
be Systems Inc., San Jose, CA, USA), two contrasting
recombinant inbred lines (RILs) were chosen. This
choice was based on an unpublished evaluation of
root growth of a set of 236 RILs of the CML444 x
SC-Malawi cross (Messmer 2006) supplied by CIM-
MYT. RIL 372 had a lower elongation rate of the
lateral roots compared to RIL 15.
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Genetic material and growth conditions
Germinated seeds were transferred to moistened
blotting paper of 21×29.5 cm (Anchor Paper, St.
Paul, MN, USA) in pouches. The pouches consisted
of a 0.5 mm strong opaque polyethylene foil 22×
60 cm (PE-Teichfolie Typ WA-1200, Walser Kunst-
stoffwerk AG, Buerglen, Switzerland) folded to
obtain a pouch of 22×30 cm with the short edge
closed (Fig. 1a). Half way along the short edge (upper
side of the pouch), a hole (5 mm in diameter) was cut
to allow the emergence of the coleoptile; 3 cm below
that hole, a bulge (10 mm diameter, 5 mm depth) was
molded on the front side of the pouch to keep the seed
in place. The seed was fixed with two standard paper
clips, one on each side of the bulge. The pouch was
attached to a rod with two foldback clips (Jakob Maul
GmbH, Bad König, Germany), one on each side of
the upper edge of the pouch.
The pouches were hung into plastic containers
(27×37×32 cm ; Arcawa GmbH, Chatillon, Switzer-
land) so that the lowest 2 cm of the blotting paper
were submerged in 4 l nutrient solution (Fig. 1b). The
nutrient solution consisted of 0.23% Wuxal (Aglukon
Spezialdünger GmbH, Düsseldorf, Germany (16 mM N;
1 mM P2O5; 2 mM K2O; 7.8 mM Fe; 6.7μM Mn;
Fig. 1 Growth pouches
consisted of blue
germination blotter covered
with a black PE foil,
0.5 mm thick (a). The
different components were
held together by paper clips.
Growth pouches were
placed in plastic containers
(b). Roots were scanned
with a conventional scanner
(d) with a resolution
allowing for the separation
of axile (Ax) and lateral
(Lat) roots (c) (Genotype:
RIL 15 at 9 DAG)
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21.3μM B; 2.9μM Cu; 2.2μM Zn and 1.1μM Mo)).
The containers were placed in a growth chamber
(PGW36 Conviron, Winnipeg, MB, Canada) at a
temperature of 27°C at the seed level, a relative
humidity of 70%, a photosynthetic active radiation of
400µmol sec−1 m−2 and a photoperiod of 12 h. To avoid
heating of the pouches, the containers were covered
with aluminum foil, leaving an opening 2 cm wide
through which the seed grew.
Acquisition and processing of images
A Hewlett Packard Scanjet 4670 “See Thru Vertical
Scanner” (Hewlett-Packard, Palo Alto, CA, USA)
was used for image acquisition. The Scanjet was
placed vertically on its short edge (Fig. 1d). The
surface of the blotting paper was 5 mm from the
scanner surface to avoid direct contact with the roots.
Images were obtained with a custom software using
the TWAIN interface. The software stores a time-
stamp in the image names used as covariates in the
linear models (tjs in Eq. 1). Images were scanned as
24 bit RGB (red, green, blue) color with a resolution
of 23.7 dots mm−1 (600 dpi) and a scanning area of
19×24 cm. Files were stored as JPEG (Joint Photo-
graphic Experts Group) with the highest quality.
Images were pre processed in Photoshop followed
by digital images analysis in WinRHIZO (Version
2003b, Regent instruments, Montreal, QC, Canada) as
outlined in Fig. 2. Photoshop was used to i)
decompose the 24 bit images into their 8 bit color
cannels, ii) remove image noise from these channels
by applying a median filter and iii) apply an
appropriate threshold tonal value to the respective
channel to separate into roots and background. Details
about the optimization process are given in the next
section. Out of 11 tested color channels, the saturation
channel was the choice to generate 8 bit images for
routine analyses. These 8 bit images were smoothed,
using the median filter (Filter > Noise > Median) with
a radius of three pixels before setting an appropriate
threshold to generate binary images containing the
information allowing for a better distinction of objects
(roots) and background (Fig. 1c).
WinRHIZO was used to detect the root length in
the image. The diameter classes were set at the size of
42μm, the equivalent of one pixel. The debris
removal filter of WinRHIZO was set to remove
objects with an area smaller than 0.02 cm2 and a
length/width ratio lower than 5. The software’s output
of the root length in diameter-class distribution
(RLDD) was used to separate into axile and lateral
roots. In order to detect the position of the trough,
none parametric local polynomial fits of second order
and a neighborhood proportion of 40% (span, α=0.4)
were fitted to the RLDD using the R function loess()
(R Development Core Team 2008).
Evaluation of test images for system establishment
A set of 18 plants of P2 was grown in pouches and
scanned daily between 3 and 8 DAG. Out of these,
pouches with well developed plants were chosen for
further processing. The establishment of image
processing steps as outlined in Fig. 2 is described in
the following.
Decomposition of 24 bit images to 8 bit
To choose a color channel for thresholding, separating
best between roots and background, the roots scans of
8 DAG were separated manually from the blue
background of the blotting paper by means of the
magic wand tool in Photoshop. These color images
were decomposed in their underlying 8-bit color
channels using Photoshop and its plugin Curvemeister
2 (Curvemeister, Berkeley, CA, USA). The plugin
was used, to decompose the images into the HSV
color space. If necessary, channels were inverted so
that all images displayed white roots on dark
background. The channels used to decompose the
images were i) an average of the three basic RGB
Fig. 2 Image processing steps after optimization
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color channels according to the formula Y=0.3R+
0.59G +0.11B (the default grayscale conversion), ii)
the channels of the RGB color space, iii) the channels
of the CMYK color space (cyan, magenta, yellow and
key (black), and iv) the channels of the HSV color
space (hue, saturation, value). The frequency distri-
bution of the 256 levels (tonal range) of each 8-bit
channel was extracted by the Photoshop plugin
Hisotext (Thain 2005). According to the Histotext
output (cf. Fig. 3), the threshold tonal value for
obtaining binary images was set in a way that, on
average, 0.1, 0.5, 1, or 5% of the pixels in the
background images were falsely classified as objects.
The respective threshold was then applied to the
object images to obtain the proportion of object pixels
falsely defined as background (Table 1).
Separation into axile and lateral roots after processing
of binary images with WinRHIZO
After processing the images in WinRHIZO, the
RLDD of 12 series of images was used to establish
separation into axile and lateral roots. First, the
dynamic of the RLDD values over time was used to
evaluate the evolution of the putative peaks of the
lateral and axile roots. Second, two time points of these
series of images were used for verification: i) the time
point where the putative peak of the lateral roots had
just emerged and ii) the images of the last scan
(cf. Fig. 6). In the corresponding binary images, axile
and lateral roots were separated manually using
Photoshop. The separated images, representing either
axile or lateral roots, were then processed in the same
way as the original images.
Data processing and statistics
Successive scans were modeled as repeated measure-
ments within plots. Each plot consisted of one pouch
containing one plant. To determine whether, axile and
lateral roots grew exponentially or linearly, the
samples were analyzed with the R function nlme()
from the nlme package (Pinheiro et al. 2004). The
following mixed non-linear model was fitted:
yij ¼ b1 þ b1ið Þtj þ b2 þ b2ið Þe b3þb3ið Þtj þ "ij ð1Þ
where yij is the root length of plant i at DAG j, βs are
the mean values of the parameters of the population
of individual plants, bs are the deviations of the
individual plots. β1 and b1i are the linear elongation
rates, β2 and b2i are the intercepts, β3 and b3i are the
rate constants and tj is the time at which the individual
plots were measured in DAG. The time to calculate
DAG was derived from the timestamp added to the
image name by the scanning software. Based on the
Fig. 3 Frequency distribution of tonal values of the back-
ground (left peak) and target objects, i.e. roots (right peak) for
the classical gray scale mode (a) and for the saturation channel
(b). Gray scale inserts show a representative detail of the
original images in gray mode (a) or as saturation channel (b).
Black and white inserts show the results after applying a
threshold tonal value of 83 (a) or 183 (b) (arrows). The
thresholds were selected to result in the same 0.5% noise in the
background images (cf. Table 1)
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significance of the terms in the model, elongation of
the axile roots was modeled using the full model,
while the elongation rate of the lateral roots was
modeled using the exponential term only (cf. Fig. 7).
In the latter case, β3 + b3i denotes the relative
elongation rate of lateral roots (kLat) of each individ-
ual plant.
Manual examination of images
Five series of images of RIL 15 and RIL 372, scanned at
3, 5, 7 and 9 DAG, were examined by means of the
measure tool of Photoshop. In each image, the following
traits were assessed on the primary root and on the first
seminal root: length of the axile root, length of the first
three lateral roots, which emerged from that axile root
(proximal lateral roots), length of the longest lateral root
at 9 DAG, number of lateral roots and their linear
density (number of lateral roots divided by the length
of the branched zone). Furthermore, the lag phase
until the first lateral roots appeared was determined as
the time between germination and the last day, on
which the image did not display any lateral roots.
Finally, the number of axile roots was determined.
Since the shoot base was not visible in the images, we
were unable to distinguish between seminal axile and
crown axile roots.
Mixed linear models were fitted based on either the
values obtained from the analysis of the last image or
the temporal dynamics of these values over the four
scanning dates. The models were fitted using the R
function lme() of the nlme package (Pinheiro et al.
2004). For the temporal development the complete
quadratic model with respect to the time (DAG)
covariant was:
yijkl ¼ gi þ aj þ tk þ t2k þ gtik þ atjk þ gt2ik
þ at2jk þ gatijk þ gat2ijk rl þ gli þ alij


þ "ijkl ð2Þ
where yijkl is the trait value of root type aj (primary or
seminal axile roots) within genotype gi (RIL 15 or RIL
372) within replication rl (l=1,…,6) at time tk (k=1,…,
nlij). Due to different lag times until the roots emerged,
the number of temporal observations nlij on each root
type per plot and replication differed. Only two
observations were available for some of the plots,
while for others four observations were available.
Random effects are those to the right of the vertical
line in Eq. 2. The final formulation of the model
resulted from backward selection based on the p-value
with a probability threshold at 0.05.
Results
The saturation channel granted the best contrast
between roots and background
Appropriate image processing is a crucial step for the
distinction between object and the background in a
digital image. For this purpose we manually separated
the background and the objects in nine images. The
percentage of falseley classified pixels in the object
images was estimated given a certain percentage of
noise in the background image. This was done for
each channel of the three used color spaces as well as
for the standard gray mode. For example, allowing
0.5% noise in the background image, the saturation
channel of the HSV color space yielded a tonal value
of 183 (Fig. 3b; arrow) as the threshold for the
separation of the object from the background. Applying
this threshold to the object images resulted in a false
classification of an average of 9.6% of all pixel as
background. By contrast, using the same background
Table 1 Misclassified object pixel (%), depended on the
threshold applied to the tonal values of each channel of the
three major color spaces of a 24 bit color image (RGB, CMYK,
HSV)
Misclassified background pixel (%)
5 1 0.5 0.1
Color channel Misclassified object pixel (%)
Saturation 1.5 5.7 9.6 29.5
Cyan 1.4 6.3 11.0 30.9
Red 1.2 7.4 13.1 30.4
Magenta 2.5 9.1 14.9 34.1
Gray mode 3.1 11.6 16.4 32.9
Avseda 2.27 3.00 3.29 3.66
The threshold was determined for each color channel based on
background images allowing for 5, 1, 0.5, or 0.1 % of
background pixel being classified as object. Only color
channels with improved classification compared to the gray
scale mode are displayed
a Average standard error of the difference
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noise for the gray mode, i.e. a tonal value of 83 (Fig. 3a;
arrow), yielded a significantly larger percentage of
falsely assigned object pixels (16.4%). The effects of
these differences in object detection are visualized in
the inserts of Fig. 3. Given a noise in the background
images of 0.1, 0.5, 1 and 5%, the saturation channel
generally showed the lowest proportion of falsely
classified pixels in the object images (Table 1). Inserts
in Fig. 3a visualize the loss of roots in the binary image
derived from the gray-mode. By contrast, the inserts in
Fig. 3b visualize the detection of roots in the binary
images derived from the saturation-channel.
The root length in diameter-class distribution
was suitable for discrimination between axile
and lateral roots
The RLDD recorded between 3 and 8 DAG shows the
development of a multimodal distribution over time
(Fig. 4), where two distinct peaks were expected, one
for the axile roots and one for the lateral roots.
Observing the development of the peaks over time,
suggested that the peak below 0.5 mm, developing
after 6 DAG, belonged to the lateral roots. A
representative series of images (Fig. 5) illustrates the
emergence of the first two short lateral roots at 5
DAG, with the lateral roots increasing in number over
the following days. Above 0.5 mm, smaller peaks in
the RLDD formed at about 0.65, 0.95 and 1.2 mm
(dotted lines in Fig. 4). These may be the result of
either roots that were growing in parallel to each
other, artifacts generated by the software, or roots
with distinct diameter classes. Since we were not
interested in resolving differences in root diameters
within the axile and lateral roots, the neighborhood
proportion of the LOESS smoothing function was set
to resolve a bimodal distribution. The trough between
the two peaks was clearly detectable at 7 and 8 DAG.
However, it changed from 0.48 mm at 7 DAG to
0.68 mm at 9 DAG (Vertical lines in Fig. 4). In order
to elucidate, if this increase was a result of an
increasing overlapping of the lateral roots, either
lateral or axile roots were removed from the images
in Photoshop and processed separately in WinRHIZO
(Fig. 6). The RLDD showed a clear distinction for
peaks generated from images containing either axile
or lateral roots. This was the case at 6 DAG, when
lateral roots were just beginning to emerge, and at
8 DAG when a considerable number of lateral roots
had already formed. The major portion of the root
lengths belonging to the small peak at about 0.65 mm
was formed by axile roots.
Fig. 4 Root length in diameter-class distribution generated by
the WinRHIZO (dotted lines) and after LOESS smoothing
(solid lines) on different days after germination (DAG). Each
dot represents an average of 12 observations at the mid point of
the respective diameter class. Vertical lines indicate the trough
between the peak putatively representing the lateral roots and
the peak putatively representing the axile roots
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Axile roots tended to elongate linearly, whereas lateral
roots grew exponentially
Roots in the images were measured until the first axile
roots grew out of the pouch, which occurred usually
between 8 and 9 DAG. When axile roots had grown
out of the pouch, they were placed back on the
blotting paper surface during scanning. A first
observation of the development of the axile and
lateral roots over time suggested a more linear
elongation of the axile roots and exponential elonga-
tion of the lateral roots (Fig. 7). The final models,
derived from Eq. 1, confirmed the exponential growth
of the lateral roots since only the exponential term in
the model was significant. The relative elongation rate
of the lateral roots was 0.763 cm d−1, reflecting a
doubling of root length every 0.91 days.
A linear-exponential model was suggested for the
axile roots, because both the linear and the exponential
term were significant. The elongation rate of the axile
roots (ERAx) was 2.93 cm d
−1 (Fig. 7); the relative
elongation rate was 0.51 cm d−1. The exponential
component may reflect the increase in axile root
numbers over time.
Differences in germination lead to a considerable
overestimation of the exponentially elongating lateral
roots
In large populations of about 200 individuals, there may
be considerable differences in germination due to i)
random environmental effects and ii) genetic differences
among genotypes. Based on the growth parameters
derived from Eq. 1 we estimated potential errors due to
such differences (Fig. 8a and b). Figure 8a and b
demonstrate that a faster germination by one day at the
same growth rate, leads to a very large, constant
overestimation by 115% of the exponentially growing
lateral roots (Fig. 8b). Germination effects on the axile
root lengths were different. Following a linear-
exponential growth function, their length was strongly
overestimated at the beginning of the experiment and
Fig. 5 Sequence of image of the root development of inbred
line P2 in a growth pouch. Numbers indicate the day after
germination. The plant developed one primary root (long and
branched) and one seminal root (unbranched). The seed was not
scanned
Fig. 6 Root length in diameter-class distribution of axile roots
(open circles) and lateral roots (closed circles) at 6 and 8 days
after germination. Roots in the original images, used to generate
Fig. 6, were separated and images containing either axile or
lateral roots were generated. For further details see Fig. 4
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the values decreased asymptotically over time to about
30% at 10 DAG (Fig. 8b). Consequently, the overes-
timation of the ratio between the lateral and axile root
lengths increased asymptotically from 2 to 65%. When
the length of the lateral roots was log-transformed, the
overestimation at 10 DAG due to differences in
germination was reduced to 19% for the lateral root
length and −9% for the ratio between the lateral and
axile root lengths.
Elongation rates determined in the growth pouches
can be used to identify genotypes with different root
morphology
We used the CML444 x SC-Malawi QTL population
to elucidate the cause of differences in the relative
elongation rates of lateral roots of two of the most
different RILs for this trait. RIL 15 had a higher kLat
compared to RIL 372 (Table 2) thus contributing to
the four fold increase of lateral root length at 9 DAG
(Table 2, Fig. 9). On the other hand, the ERAx of RIL
15 was only half that of RIL 372. Note that the
elongation of axile roots over time of this population
followed a linear function (data not shown).
The measurements of the original images, carried out
using the measure tool of Photoshop, revealed the
dynamics of the components of the root systems. Plots
of the mean values of the components of the primary
and seminal root of the two genotypes suggested linear
elongation of the axile roots (Fig. 10 a) and an
exponential increase in the number of lateral roots
over time (Fig. 10e). For the other root parameters, the
growth dynamics depended on the genotype and root
Fig. 7 Growth curves of the axile and lateral roots. Circles
indicate root lengths detected in individual images. Lines
represent the fitted regressions based on model 1
Fig. 8 Errors due to differences in growing time. Hypothetical
plants with the same elongation rates of axile roots (Ax) and
lateral roots (Lat). Growth functions were derived from Fig. 7.
Plant one (a; dashed lines) germinated one day earlier than
plant two (a; solid lines). The length advantage due earlier
germination b) depends on the growth function of the root
types. When lateral root length was log transformed and these
data were also used to calculate the ratio between the lateral and
axile root lengths (log(Lat)/Ax), the overestimation due to
earlier germination decreased with time
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type. The plots of the temporal increase in the proximal
lateral roots (Fig. 10b) and the longest lateral root
(Fig. 10c), suggested an asymptotic increase for RIL
372 and a linear increase for RIL 15. This, in turn,
suggests that the lateral roots of RIL372 reached their
final length during the course of the experiment, while
those of RIL 15 were still elongating. The number of
axile roots increased rapidly between DAG 3 and 5 for
RIL 15 and than stagnated, while the number of axile
roots increased at slower but constant rates for RIL 372
(Fig. 10d). The linear densities of all roots increased
during the first two days after their appearance and
remained more or less constant afterwards (Fig. 10f).
The lag time, during which no lateral roots were
visible, varied from 3 to 5 DAG (Table 3). The seminal
lateral roots developed about one day earlier than those
of the primary root.
Based on observations from Fig. 10, the temporal
changes in the length of the axile roots and the
number of lateral roots were modeled using all time
points, while the differences at 9 DAG were examined
for the remaining traits (Table 3). For the length of the
axile roots, all quadratic terms (cf. Model 2) and the
intercept and slopes of the genotypes were not
significant. The axile roots of RIL 15 were initially
longer and grew faster compared to the seminal root,
while the axile and seminal roots of RIL 372 had
equal intercepts and slopes. For the number of lateral
roots, the intercepts (root number at root appearance)
were not significant. Therefore, only the slopes are
presented in Table 3. The quadratic term was
significant for the overall increase of lateral roots
(1.2*t2; data not shown) but not for the interactions.
This indicates that the number of lateral roots of
genotypes and root types deviated linearly from the
overall increase. The linear increase of the number of
primary lateral roots of RIL 15, with 21 roots per day,
was comparably strong, whereas the increase in the
Table 2 Results of ANOVA and mean values of root traits of two contrasting recombinant inbred lines (RILs) of the CML444 x SC-
Malawi cross: Growth constant of lateral roots (kLat), the end length of the lateral roots (LLat), elongation rate of axile roots (ERAx), the
kLat/ERAx ratio and the number of axile roots (#Ax) at 5 and 9 days after germination (DAG)
kLat LLat ERAx kLat/ERAx #Ax DAG 5 #Ax DAG 9
cm d−1 cm cm d−1 Numbers Numbers
ANOVA *** *** *** *** *** ns
RIL 15 0.533 113 7.5 0.0714 1.60 3.80
RIL 372 0.416 27 14.1 0.0307 4.25 5.00
The RILs were chosen based on differences in kLat calculated from the WinRHIZO output
lt of ANOVA and mean values of root traits of
two contrasting ecombinant inbred lines (RILs) of the CML444
x SC-Malawi cross: Growth constant of lateral roots (kLat), the
end le th of the lateral roots (LLat), elongation rate of axile
roots (ERAx), the k at/ERAx r and the number of axile roots
(#Ax) at 5 a d 9 days after germination (DAG)
Fig. 9 Representative images
of two recombinant inbred
lines of the CML444 x SC-
Malawi cross at 9 DAG. The
RILs were selected based on
their differences in kLat.
Vertical stripes are artifacts of
the scanner when operated
with a 5-mm distance from the
blotter. Longest roots grew out
of the pouch and were placed
on the blotter paper for
scanning
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number of lateral roots of the other root types was
much lower, in the range of ±2 roots per day. Note
that slopes are negative since the estimates for t2 were
not included in the linear combination. In summary,
the root system of RIL 15 was characterized by a
strong primary root in comparison to the other roots.
This primary root showed at least a four-fold increase
of the following traits: number of laterals, length of
proximal and longest lateral roots and linear density
of lateral roots at 9 DAG. However, the values of the
seminal roots for RIL 15 did not differ greatly from
those of RIL 372.
Discussion
Image processing
WinRHIZO usually processes 8-bit images (256
levels of gray) by applying an automatic or user-
defined gray-scale threshold to generate binary
images distinguishing between the roots (objects)
and the background. Alternatively, these binary
images can be generated in external software such
as Adobe Photoshop 7.0. Pre processing the images
allows making use of additional options to differen-
tiate between roots and background, image smoothing
and manual control of the binary images prior to the
processing in WinRHIZO.
We enhanced the discrimination between object
and background by using the saturation channel
instead of converting color images to the standard
gray mode. Making use of the different color spaces is
one option to improve the discrimination between
roots and background. Another option considered,
was to use color statistics to identify those colors,
among the more than 16 million possible ones,
belonging to roots or background, only. Since this
color analysis was not available in standard software,
such as Photoshop, the use of the color spaces was
chosen as the best and most flexible solution.
We smoothed images using the Median filter in
Photoshop. WinRHIZO offers a similar “image
smoothing filter” recommended when analyzing
“large, hairy roots”; the filter applies an undefined
blurring function to the image to avoid “noisy”
Fig. 10 Manual measurements of characteristics of the primary
root (solid lines) and the first developing seminal root (dashed
lines) of RIL 15 (closed triangles) and RIL 372 (open triangles)
as dependent on time: lengths of the axile roots (a) the proximal
lateral roots (b) and the longest lateral root (c); numbers of axile
(d) and lateral roots (e); linear density (# mm–1) of lateral roots
in the branched zone (f). Five image series were evaluated per
genotype
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skeletons. This filter is suitable for the 8-bit source
images but of minor use for binary images and was
therefore turned off.
We calculated the lengths of the axile and lateral
roots, respectively, using the root lengths above and
below a certain threshold in the RLDD. A scanner
was used to acquire high resolution images with about
28 megapixel (24 px mm−1). A large image resolution
is crucial for the unambiguous separation of roots of
different diameter classes and not yet achieved by
standard digital cameras in the desired dimensions.
Richner et al. (2000) and Zobel (2003) proposed a
pixel size that is one third and one quarter of the
smallest root diameter, respectively. The first-order
lateral roots of maize are in the range of 100 to
800μm (Varney et al. 1991). The authors distin-
guished four classes of lateral roots of maize with the
majority of roots in the two lowest classes (average
diameter ranging from 214 to 350μm). The used
image resolution of 23.7 dots mm−1 is five times
smaller than the smallest root class reported by
Varney et al. (1991). Therefore, the chosen resolution
is well suited to detect all maize roots in the image
and distinguish between axile and lateral roots.
However, the resolution is not high enough to explore
the nature of the additional peaks detected for the
axile root or to resolve different diameter classes
within the population of lateral roots. In order to
achieve this, a resolution of 94 p mm−1 in combination
with an appropriate smoothing function would be
needed (Zobel 2008). One reason for the need of
such a high resolution, are artifacts generated by
WinRHIZO (Zobel et al. 2007). These artifacts may
be responsible for the dips and peaks observed at
regular intervals in the RLDD (Fig. 4). These dips and
peaks were at the same place at every developmental
stage and were also detected in the individual images
(data not shown). Zobel (2008) examined the nature
of the artifacts and summarized that the observed dips
occur every 3 to 4 pixel (occasionally two and five)
widths along the x-axis (diameter-class distribution).
It was suggested that the observed dips occur due to
the lack of uniformity in the pattern of width decrease
with increasing angle among width classes.
Effects of delayed germination of measured root traits
We demonstrated that a delay of one day in
germination can lead to an overestimation of the
length of the lateral roots by over 100%. Most genetic
analyses of the development of the root system
included an assessment of the plants at a very early
stage of growth. Under near-optimal conditions,
maize seedlings grew until not more than 12 DAG
Table 3 Results of ANOVA and main effect of genotype (RIL 15 or RIL 372) and root type (primary or seminal root), on final length
of roots proximal to the shoot base (prox.) and the longest lateral root (long.); final linear density of lateral roots per mm axile root;
growth period without visible lateral roots (lag time); intercepts (int.) and slopes (slp.) of the temporal dependence of axile roots (LAx);
slope of the temporal dependence of the number of lateral roots (#Lat)
Final root length Linear density Lag time LAx #Lat
prox. long. int. slp. slp.
mm mm # mm−1 d mm mm d −1 # d−1
Int./slp. *** *** *** *** *** *** ***
Genotype (G) ** *** *** ns -a - ***
Root type (R) *** *** *** *** *** * ***
G:R *** *** *** ns *** * ***
Root type RIL
primary 15 15.44 86.75 0.744 3.03 126.78 37.48 21.25
primary 372 3.66 6.41 0.165 3.90 59.05 29.24 −2.42
seminal 15 1.79 5.38 0.027 5.43 18.63 18.85 1.55
seminal 372 3.24 6.70 0.046 4.90 54.95 32.83 −1.22
The slopes are given by the respective treatment-by-time interactions
a Terms that were dropped from the model are indicated by “-”
lt of ANOVA and main effect of genotype (RIL
15 r RIL 372) and root type (primary or seminal ro t), on final
length of ro ts proximal to the shoot base prox.) and th longest
lateral root (long.); final li ear densi y of lateral roots per mm
axile root; growth period without visible lateral ro ts (l g time);
intercepts (i t.) a d slope (slp.) of the temporal dependence of
xile roots (LAx); slope of the temporal dependence of the
number of lateral roots (#Lat)
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(Hoecker et al. 2006; Hund et al. 2008a; Zhu et al.
2005) to 21 DAG (Tuberosa et al. 2002), reflecting a
harvest at about the V1 to V2 growth stage. Differ-
ences in germination are common in large populations
and may lead to the errors described above when not
taken into account. For example, Hund et al. (2004)
observed differences of almost three days in the
germination of RILs of a QTL mapping population.
Two QTLs, which increase the length of the primary
lateral roots, co-located with a small germination
index (fast germination). These loci are probably
germination loci rather than root morphological loci.
Another example is the study of initiation of lateral
roots and hybrid vigor (Hoecker et al. 2006). The
axile root length was measured daily from 3 to 7
DAG. The root length of some of the hybrids was
significantly higher than that of the mid-parent value
throughout the experiment, but there was no visible
difference in the slope. This indicates differences in
germination rather than growth of the axile root.
Therefore, it is recommended, to check the dynamics
of the root type, so that the appropriate measures can
be taken. At the early stage, when root systems are
measured at a certain point in time and differences in
germination are not considered, it is suggested that
the length of the lateral roots is log-transformed in
order to reduce errors.
Influence of seed reserves on root morphology
Root morphology at the early growth stage is strongly
influenced by the carbohydrate supply by the seed
(Enns et al. 2006). The authors showed that the
removal of the endosperm decreased the density and
the length of the rootbranches in the basal 10 cm
region of the primary root. This indicates that seed
quality and the availability of endosperm reserves
may be important triggers of root morphology.
Autotrophic growth of maize seedlings lasts until
about 9 to 10 DAG (Bourdu and Grégory 1983;
Cooper and Mac Donald 1970; Delées et al. 1984),
the timeframe of many genetic studies. The extent, to
which seed quality has pleiotropic effects on root
morphology has yet to be determined. However,
differences in early root morphology are important,
independent of their cause. The root system is
important for phosphate uptake before the V2 stage,
highlighting the importance of an early increase in the
length and density of lateral roots (Chassot and
Richner 2002). Furthermore, Hund et al. 2007,
2008a outlined the correlation of the length and density
of lateral roots with early growth and photosynthetic
performance under chilling stress conditions.
Dissection of causes for different elongation rates
of roots based on their underlying morphological
components
Based on the manual observations of the two
contrasting RILs in Photoshop, it is concluded that
the differences in kLat were due mainly to a difference
in the morphology of the primary root of RIL 15. This
RIL had an increased elongation rate of the primary
axis with a greater linear density of lateral roots and a
greater and constant elongation rate of these roots
during the course of the experiment. This is in line
with theoretical considerations: The population of
lateral roots of a single root elongates exponentially
during the initial phase of its development. This
exponential increase is caused by a steadily increasing
number of growing roots tips. The exponential growth
continues until the final length and density of the
oldest proximal lateral roots are reached. Thereafter,
the population of lateral roots is expected to elongate
linearly. This may seem to be an oversimplification,
because laterals may sometimes be extremely long
and initiate higher-order laterals (McCully 1999).
However, we did not observe this for the roots of
young seedlings. Younger axile roots, emerging from
higher internodes, cause more differences in the
values with regard to lateral root growth. These roots
have young populations of lateral roots, which are in
an exponential growth phase. This is highlighted by
the different dynamics of the establishment of axile
roots between the two genotypes. The early increase
in the axile roots of RIL 372, with a higher growth
rate than the axile roots of RIL 15 may have led
to the stronger ERAx of RIL 372 but also contribute
to kLat.
Regardless of these theoretical complications, we
identified contrasting genotypes and verified their
differences by manual observations. Similar differ-
ences among genotypes were reported elsewhere.
Hund et al. (2007) characterized 21 temperate maize
inbred lines according to the organization of their
embryonic root system (the primary and seminal
roots) and distinguished among those with a more
homogeneous root system (similar primary and
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seminal roots) and those with more heterogeneous
root systems (lateral roots of the primary root
generally longer than the lateral roots of the seminal
roots). Furthermore, quantitative trait loci for the
organization of the embryonic root system at the V1
stage were identified and highlight the independent
inheritance of the root types and the formation of their
lateral roots (Hund et al. 2004). The parents of this
mapping population, Lo964 and Lo1016, were also
characterized by a heterogeneous and a homogenous
embryonic root system, respectively. Accordingly, the
embryonic root system of RIL 15 is characterized as
heterogeneous, with a strong primary root with compa-
rably long and dense first-order lateral roots; The Root
system of RIL 372 is characterized as homogeneous
with fewer and shorter branches on the primary root,
similar to its seminal roots.
Conclusions
The established phenotyping protocol enabled a non
invasive measurement of the dynamics of axile and
lateral roots. It was shown that errors in root length at a
given point in time can be very large if differences in
germination are not taken into account. A solution to
this is the application of appropriate elongation models
to separate the influence of germination and elongation
on the final root length. Based on the elongation rates of
the population of lateral and axile roots, different
genotypes can be identified, as demonstrated for RIL
15 and RIL 372. Using stored images allows for the
dissection of growth rates into their underlying causes.
The comparably high throughput makes the phenotyp-
ing platform suitable for the study of the quantitative
inheritance of root morphology or for other screening
purposes. However, further efforts are required to i)
develop non-invasive techniques with high throughput
at a later autotrophic growth stage and ii) develop
adequate software packages and protocols to enhance
the detailed digital measurement of the root system
without excessive manual input.
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